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I>c**inltlon of Symbola 
Ar«a - square Inohoo 

Speciflo Heat at Constant Press ire 3tu/lb.®F 
Specific Keat at Constant Volurae 3tu/lb»®F 
Gravitational Constant 3S.I8 ft/sec/eeo* 

Lower heating value of fuel 19100 Btu/lb* 
Ii)nth 0 l?;i^ Btu/lb* 

Couveraion factor 77B ft-lbs/3tu 
fiatio of epocific heats 

P.atio of specif ie heats for Coab^istion Gases 
Corapresoor worX Btu 
Kat work 

Turbino work 3tu 
IiOgarlthm to tho base e 
Machine Kuiabor 
Thoraal afficlency percent 
Compresoor efficiency percent 
Txirblne efficiency percent 
Static pressure pounfis/squaro inofi 
Total pressure pounfis/aquare inch 
Gas constant lbs# ft/ 

Gae Constant for Combustion Gases lbs* ft/ ^ 
Entropy for constant pressure orocosses 3tu/lb®ij* 
^tropy for constant temp* processes Btu/lb^F 
Static temperature ^ 
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Total teraperatur# 

Ideal total temperatura 
Volume cubic feet 

Velocity at turbine nozzle throat tt/neo 
Turbine wheel blado speed f t/oec 
Kei^t of fuel lbs* 
b'ol^t of Compressor sir lbs, 

Wei^t of Bleed off air Iba# 

Water-fuel ratio lbs, water /lb, fuel 



• Ml f«llbr MBififl 



Ml 4# 

•««\Vr lte» I4W# «M«i* 



*••1 !»• m l«TCj 

*«r ^ ^9 1» 

M» "^* •■•»’ "V 
tJM'•^»f^V•W >*»« «UM 



I 



IM 



Tlie liiffoct of *»atcr Injection on tho 



Eflucatlonnl Gas .Curblne 



I. Introduction 

Durln#; the courso of oturty ot Ronsaelacr 
Polytechnic Institute in the gas turbine field, one 
of the niajor limitationa of gea turbine application 
W0O diecuseed rery frequently. That llrsitntlon was 
tho feet that the gas turbine has a very Xinitefl range 
of operation due to the very siaell margin between the 
gross work of the turbine end the gross work of the 
compressor. This margin, or net work, increases as 
turbine inlet temperatures increase, but the maxirauin 
temoeratures at the turbine inlet are limited by avail- 
able materials. 

Several suggestions for increasing the net 
work of n gas turbine cycle have been put forth. They 
Include increasing the machine off ioiencies of the 
turbines and compressors by bettor design, increase 
of turbine inlet temperatures by use of better materials 
for burners and turbines* use of v»at compression to 
increase the density of the working medium and to In- 
crease oompresnor efficiency, and the use of water 
Injection in the oorabustlon chamber as an e^*fective 
means of- lowering maximum combuntor and turbine 
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temperatures and ao a means of increasing the turbine 
work output without increasing the vrorJe of conpi'eaolon* 

In January 1947, the Kechanioal *:nglnoerlng 
Bepartroont of lienaeeloer Polytechnic Institute rocolvod 
an Sducatlonal Gras Turbine from the aircraft Oas 'Turbine 
division of the General Electric Company at I'eet L^fnn, 
Massachusetts. Thlo gaa turbine is a type 322 turbo 
supercharger equipped with a combuetlon chamber, con- 
preesor inlet flow noszle venture, compressor dlschnrgo 
bleed off and accesssory equipment for use in the study 
of gas turbine performance. A complote description of 
the unit Is contained In reference 1. 

The unit, as constructed, has a very low thermal 
efficiency, extremely small oneratlng range and a saall 
output of bleed off air. Although the nrimary ourpoae 
of the unit Is for educational purposes connected with 
the study of gas turbines, it ia honed that the machine 
can also be used to au5;rn«nt the oupoiy of compressed air 
irfilch Is used to a considerable extent in the laboratory 
in «diloh this gas turbine io installed. 

Since the turbine has already been “fabricated 
and la at present writing being installed, it appears 
that the oimplect method of altering it to increase the 
output of bleed off air ie the installation of a water 
injoctlon syatera la the combustion ohambor. 
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The purpose of this paper is to prod let the 
performance of the Sducatlonal Oas Turblno when such 
a water Injection system is installed# 

II# Main Text 

Ji diagram showing the main components of the 
gas txirbine with a water injection gystcra, together with 
the reference points used In the comoutationa is shown 
in ITlguro 10# 

The compressor end turbine drta need in the 
calculations are banod on the curves of Estimated Com- 
pressor Performance and o'-irvea of Typical Turbine Efflc- 

♦ 

lencles, Figure 1 and Figure 2, wJilch were obtained from 
reference 1# The values of onthalpy and entropy for the 
various gases of combustion are obtained from Ifocks Gas 
Tables in referonoe 2 and from reference 3# The values 
of H (gas constant) were obtained from reference 4. Hhe 
values of Cp for the oomputatlon of the ratio of anccific 
heats of the gases of combustion are obtained from figures 
16 through 20# Figure 16 throu^ figure 20 wore obtained 
from reference 5# The Cp used in each case is obtained 
from the experimental curve on the graph and not from the 
straight line approximation of the curve# It is to be 
noted that tho value of Gp obtained la in unite of 2tu 
per pound mole degree Fahrenheit# In order to use the 

values in the computations, they must be divided by the 
molecular weight of the gas# 
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All compxitntions or® l)ftse(^ on a fuel coraponition 
of 85 per oont carbon suid 15 per cent hyflrofren with a lower 
heating value of 19100 B*t.u. per poxmd* Try attnospheric 
air at 70^P (550®R) la aanumed at the ontronce of the 
comprooaor, ?he water injected tn the conbustlon cheraber 
io aamimed to be In the liquid ctato at 70^F and to be 
oure 00 ao to prevent mineral deposits from forming In 
the machinery* The roric necoosnry to operate all auxiliarlea 
such as the water pump for water Injection and the blower 
for cooling air to the turbine has been rieglectcd since 
the power source for these auxiliaries cornea from on out- 
side source rrxther than from the gross work of the turbine. 
The pressure drop through the bxuuier and piping have been 
neglected making 
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At present, there h'ave been no meanuromento of 
the actual pressure lose from the compressor' to the txirbinc, 
so it was decided that calculations would be made on the 
basis that these losses are equal to zero. This assumption 
results in an over prediction of reeultu, in that the not 
work output as calculated is higher than ^rtiat can aotxially 
be expected from the unit. Experimental data on perform- 
ance will thus modify the results obtained in this paper 
slightly. It is not expected, however, that experimental 
dnta will modify the basic conclusions drawn from this 



paper. 
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riie cftlffulation for thcnnnl efficiency lo 
based on the assurantion that the raachlne usin/^ the bleed 
off air io 100^ officiont* Any losses that oo'^ur In the 
uoe of the bleed off air should be properly charged to 
the raaohlne using tho air* 

Celoul a felons ; 

Tho detailed calculations for each ooaprossor 
press-ire ratio and each burner terapsrature chosen apoear 
In the Rppcndicos* Sach anoendix shown the set of cal- 
culations for one pressure ratlo-toranoratiiro combination 
using tho water fuel ratio (x) as tho variable* In each 
set of cnlculationn the wntor-fuel ratio was Increased 
from 0 to the na:clniu!*i ^ount of water uer pound of fuel 
fchnt could be used and still obtain perfect combustion. 
'Chus the maximum water fuel ratio varies from 7 with a 
burner temperature* of I960® R to 9 when tho burner temper 
aturo Is 1660®S* . 

In order to determine the turbine work, it is 
ncoeacary to detormino Gp and kg for each burner temper- 
ature and each combination of tho gases of combustion* 

The calculations for enthalpy changes ore made using data 
from Hecks Ges Tables In reference 2 and from reference 3 
The calculations for Cp and kg wero made using flats from 
figure IG through figure 20* 

In order to check the accuracy of tho method of 
obtaining Cp end kg using basic data from tv?o sources, a 
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epee la 1 calculation wac mafic in Appendix 1 uring data 

. from Hecks Gae tabloa only. The oompnrioon of the two 

raethods ahowa that t^ie value of Jcg obtained using the 

tw/o so^iroen of data is nmnllor than tho k vdilch roaulto 

s 

from the use of Hecka Gan Tables exclusively. But those 
different vnluoa of k do not alter tho value of the 

s 

turbine work, tixasnination of Col. 62 and Col. 95 in 

Appendix 1 shown that the turbine work obtained from 

each method of calculation do not vary aicnificantly. 

Therefore, since tho calculation of C„ and k^ arc con- 

siderably simpler rising the data on Figure 16 through 

Figure 20, this method of calculation i« uced in all 

other apponfilceo where it io necessary to evaluate k^. 

Since the value of k varies witJi the initial 

temperature of an expansion process and la practically 

Independent of tho pressure rfitio of the expansion, it 

is necessary to evaluate k_ for each burner temperature, 

but once evaluated, it can be used with any pressure 

ratio provided tho burner temperature ror^ains constant. 

Values of k^ for each burner Uemoorature are plotted on 
c5 

Figure 6. 

r 

Sample Cfilrulntlon 

To determine the amount of bleed off air and 
the thcmnl efficiency of the Educational Gas Turbine at 
point 1 on Figure 1 when the burner temperature is 1960 ®R. 
Assume a water fuel ratio of 1.0 
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From Figure 1 we thnt the oonpreoaor 

preaauro ratio is Z*ZOt the co'^ipressor tcsiporaturc 

rise factor Is snrt the oompreanor opoe<l ic 19660 

Lower heating value of fuel x 19100 Btu/lb« 

Fuel composition la Qhfo carbon and 15, ^ hydrogen. 

Temperature Inlet air s 530°R. 

Temperature rlao factor = .36 - “^ol 

* __ 

“ 715.5®R 

Oslng a basic heat balance: 

The heat input of the fuel minus the heat adsorbed by the 
products of combustion equals the heat gained by the air. 
or 

wH - woi^t of carbon (^ix960 *^715.5^ 

-weight of hydrogen (hx96o *^715,5) 

-weight of injected water (h^g^o 715,5) 

= *a ^^1960 “^715.5^ 

assume w =1 1 lb. 

then : 

19100- .85 (Ah) -^.15 (Ah) -x (Ah) » (Ah) (2) 

Using the values of ^h for COg, H, HoO and air obtained 

from ref. 2 and ref. 3, the equation becomes 

19100 - .85 (374.16-37.60) - .15 (4978.2-604.6) - 1763.5X 



- (365.0 - 42.25) Wa (3) 

or 18157 - 1763. 5x - (322.7) Wq (4) 



r 






ft •* 









t 



• » - I « I • • * «T 



^jftf 



• 1 * , » 



'Mr . 



.^i # • • *V- 



I I - t 



’ • 

»i W"* 






I 



I ® 



- iii» •or,-:.- 



« : tr.i 



« 









II 



. . , < L\ 



4 i» -i* 



* I d 
, : 






* « • 



^1 * 1 . • 



-» • « • 



. T 



^ • — ’ ** * . 




* f 

•• * 

• •! 



?Of;e 0 



An •qufttion sir liar to count Ion (4) appears 
at the beginning of each appendix for the determination 
of 

Kow aaaumln/!!: that x • 1 lb* water 

lb. "fucT ■ 

equation (4) becomes 

18157 - 176:5.5 • [ZZZnD (5) 

or - 50.80 lbs. air per lb. fuel 
In order to find the weight of Og, 

the products of combustion, it is first necessary’ to 
find the amount of Oo required for perfect combustion 
of the fuel. 

X .85) + X .15) a lbs of 0^ required for 

X iC 2 

perfect combustion •.•••*•.•••.....•(6) 
or ^.266 + 1.200 a 3.466 Iba Og required (7) 

The amount of 0^ required for perfect combustion 
remains constant in all calculations and appears as 
a constant in the appendices. 

The composition of elr by weight la about 
23'^ Og and 77^ Ng, therefore the total Op available 

is 50.80 X .23 r Cg (8) 

the amount of free 0« in the products of 
oombuntion equals the Og available minus the Op 
required for combustion of the fuel, or 

11.68 - 3.466 - 8.21 lbs. free Og (9) 
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Tho amount of % - (50«80)(.77) ; ;59.12 Iba. . . (10) 

The amount of COg i ^ (.35) ^ Ibo (11) 

The amount of H^O - 4 x x fix 2«35 lbs* (12) 

The amount of CO 2 and HgO forraod by the coabuation of the 
fuel remain constant for all calculations and appear as 
const ante In the apncndices* 

The addition of the wei/?hto of 0 ^, CO2 
and H2O in the combustion products givos the total weight 
of the combustion gaoes* The total weight of the corabustion 
gases is also ecual to tlie weight of fuel (always aeoumed 
to be 1 lb« ). plus the water-fuel ratio plus the weight of 
air* 

For this case 

Weight of oorabuotion products - 8.21 4 39*12 + 3.116 + 2*35 

X 52.80 Iba (13) 

Now proceed to find a wei^ted Rg for the combustion gases 
talcing into account the actual composition of the gan mixture. 
From ref. 4 

ROg « 43.31' 

Rgg X 55.16 

HcOo = 

iCi 

* 35.81 

. ’^ooa'^cog) ■* 

® *03 + %2 * *003 * ®HgO 
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02 


8.21 (48.31) 


• 


396.6 


»2 


39.12 (55.16) 


- 


2157.9 


CO 2 


3.116 (35.13) 




109.6 


HgO 


2.35 (85.81) 


- 


201.6 




Total 


- 


2865.7 



anrt = 2865.7 - 

® ' ss ' . " g i 5 

How finfl the weighted for the combustion gasec taking 
into account tJie actual composition of the gas mixture. 
From figures 15 through 20, at 196^ R 
CpOg s *^^41 Btu/lb. 

- .2829 3tu/lb. 

s .3002 3tu/lb. 

s .5622 Btu/lb. 

and simiinr to equation (14) 

^ %g0^^pHg0^ 



CpCOg 

^HgO 



- 

p - 



^ ^COo ^ %r>0 



^2 


8.21 1 


(.2641) 




2. 1683 


Ky» 


39.12 ! 


(.2829) 


z 


11.0631 


COg 


3.116 1 


(.3002) 


r 


.9354 


HgO 


2.35 1 


(.5622) 




1.3212 



Total 



X 15.4080 



and • 15.4830 - oa-*^ 

" ■ "fevao ■ 



How flnfi k„ for tho oombuatlon gases 



(15) 
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(16) 
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(17) 



Unln^ th« VQlues of Rg «n5 Cp founfl above 

773 (.S933) 

k. - * ± 1 ^ 2 ^ « 1.312 

^ ’Tr^Trrnmrrr 
— stnfr^ • ^ 

In or^or to enter fi^nro 2 to obtnin a txirbino efficiency, 
it is first necessary to obtain the ratio W/vjj 

By acasuromont, tho average turbine blade radius 
is 5#62 inohoa or .463 feet, fo convert the blade epeed 
in RPM to ft/ssc. us© the formula; 



W “ 27Tr X 3.B.M. 

"ISO 



(18) 



In this case Wr 27TR (19660) s 963 ft/sec. 

"St3 



Columns 54 and 55 in Appendix 1 show the con- 
version of turbine bind© speed in R.P.J4. to feet per 

V 

second end the result o are plotted on figure 3 so that 
the oonvereion may be picked off the graph. 

Frcaa page 5, chapter 1 of reference 6 
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\jk^\ 



\pr~^w 



(13) 



’'n » \l ■£„ =1 
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Ho deternlce the critic-1 prce.sm’e ratio of 
the turbine nozzle, uso the equation relating -ach* 
Kunber with pressure ratio fron pa^e 6, ch'joter 1 of 
reference 6. 




Substituting M • 1.0 «n3 the velue of k obtained 
above (k - 1.312) and solving eq-iation (21), tho critical 
pressure rntlo Is found 

1st * 

IT** 

A- 

Since ?q 5 

• 2*20 is greater than the critical press’ire 
o6 



ratio, we may use a » 1.0 in equation 20. Equation 20 
then beooaea 



'a = 



kgR>^(32.I7)(1960) 
1 + 









fk^Hg 6a053 

“ . . .( 22 ) 



•I 



/ji equation alwllar to equation (22) appears at 
the beginning of each nppendlji; for the determination of 



Using the values of end Hg as previously 
determined and substituting them in equation (22), 

= 1971 ft/aec. 



therefore 



W 






963 

wrr 



.46a 



(23) 
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f/*ntering figure 2 with the flrgunents 

= 2.20 and 

■^06 

W 

~ * .480, the txirblne- off Iciency i* fetorrelnc^ to ho 

63.3;C 

Po <5otor:nlne the I'^oal tem')ernture of the oom- 
huotion gases leaving the turbine, use the equation for 
reveralbl© expansion 

1=? ■ 

“■o’e \-o6 / 

Uoing ?o 5 o 

7^ - 2.20, lo 5 z 1960 R nna k. > 1.312 In equation (24) 

T , . 1625°R. 

^ 6 

By definition n^ • (25) 

^ o5 • ^^*6 

or 5 ( A-o*) <26) 

Using np = 63.3. - 1625 

z 63.3 (335) - 212^^ 

From the general energy equation 

flL » CpdT (27) 

or 

f^o5 

= L r Cp^^o <23 ) 

y^o6 

Using Cpr .2933 and A'I?o = 212 

z .2933 (218) = 62.2 3tu/lb combustion gas 

fhe ratio of lbs. of combustion gas to lbs. of inlet or 

compressor air is 52.80 s i n^n 
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Multiplying the turbine work by t»ie ratio of combustion 
products to inlet air glve-s 

Lp r 62.2 (1.040) r 64.7 Btu/lb. inlet air 



From equation (27), tho comproscion work equals 
Lq Z 



/ 



^02 

Tol 



OpflT (29) 



In this example 

Lq s 1"‘715.5 ■" *^530 = 44.6 Btu/lb. 

The not work of tho gas turbine cycle is 

BfeLn r " *b> ' *b 

An ovoroll work balance gives 

(Wa) Lc f s (5a - 5fb) Lt (SI) 

Combining equation (31) with equation (33) 

Lc(«fa) ♦ - ®b) - ’^ctV] *“b = I-T(®a - '^b) ••• (32) 

Assume r 1 lb. /sec. then 

+ ftld - *b) - lo] s,, = ij (1 - U'b) (33) 

or using L(j s 44.6 3tu/lb. 

44.6 + [l;p( 1 - W^) - 44. ej z * ^b^ <^^4) 

or simplifying 

Li|(W|,)^ 4 04.60 - 2L;^W^ 4 Lp - 44.60 z 0 (35) 

At the boginning of oach appendix there appears 
a formula similar to equation (35) for the determination 
of . 
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liquation (35) la a quadratic equation in 
7o solve it, use the re/^uliir qua<^ ratio colution 




( 36 ) 



let a z let b r Lq — 2L'j 

let C • 



For this example 

a = 64*7 b s - 84»6 and c • SO.O 

Placing these valuoa in equation 36 

84.6 ^44. 6 
r 139.2 

Ueing tho plus r,ign we obtain the iapoasible answer 
that 5 1 lb. air/lb. inlet air 

Ualng the negative aign 

^ r .309 Ibe. air/lb. inlet or compressor air. .Anawer . 

Thermal efficiency s x 100 

net no fit Inout 



or n s X Vijj X Lq x 100 ,,*.,,*,.,,*(37) 

igToo 

IJolng r 50.80 lbs. air/lb. fuel, z Ibo.eir/lb. 

inlet air, Lq z 44.60 

n z .309 (50.80) (44.60) 100 = 3.67:C inower 



An equation nirnilar to equation (37) ap nears «t the 
beginning of each appendix for the detarnlnatlon of n. 
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All work in the) nppenrtloe?? io Jiiillar to that 
In the earaple calculation nboye except that in the flri-t 
part of Appendix I, aa non tinned before, the values of 
one Cp are cnloulated from aeoka Gas Trble'n. The 
method used In this calculntion is outlined in the notes 
at the be/jinning the appendix* ijiother exception is 
that in Appendix 3 the pressure ratio ?o5 is less than 

the critical pressure ratio for the combustion 

I 

through the turbine nozzle and li can not bo mjsumed equal 
to 1 as in the sample calculation* Xhc method of prooedure 
in this case is outlined In the notes at the beginning of 
Appendix B* 

IV# Results of Celculations 

Calculations were made for the following combin- 
ations of and Tq^ for points 1, a, and 5 on figure 1: 
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Flgura 5 jsliows the comparison of tlie net output 
when burner temperature lo kept constant at 
1960^1? ana the pressure ratio is varied from 1.80 to 
S.80. It la well to note at this point that pressure 
ratio can be varied by changing the speed of the gas 
turbine by varying the amount of bleed off air and the 
amount of fuel Injected. From Figure 5, the amount of 
bleed off air inoreftsee as the water fuel ratio Increasea. 
With a water fuel ratio of 7, the output inorcanec approx- 
imately 100,4 over that obtained without the use of water 
injection. 

Figure 7 shows the net output when the pressure 
ratio is kept constant at 2»20 ssid the burner outlet 
temperature is varied from 1960^1? to 1660®R. This graph 
shows that at lowor terancrat^ares where more water may be 
injected and atlll keep perfect combustion of fuel the 
output of tho gas turbine Ic Increased ae much as 370^. 
This graph also shows that by tho use of tho correct water 
fuel ratio the output at low burner temperatures oan be 
increased abovo that obtained by tho uo© of high temper- 
atures alone v/lthout water injection. 

A oomparieon of Figuros 5 end 7 shows that for 
any given water fuel ratio, tho net output of the cycle 
can be varied over a wider range by varying the burner 
temperature than by varying the preaaure ratio. From 
thin fact, we see that the turbine la much more sensitive 
to temnerature changes than it io to pressure chengos. 
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Fl^;ure 0 shows the cycle or therncl offlclenclao 
ctuftlnefl (it a prosavire ratio of ?.*20 for v»^rlous burner 
tcwporaturec* Puc to the losses Incurred by the Intent 
boat of veporizntlbn of xvntcr, it Is expected that overall 
efficiency will drop with increasing '•mounts of water* 

This is gcnernlly the onse, but since the turbine effic- 
iency of this gas turbine lo so low (in the vicinity of 
(>Z%) that overall efficiency actually increases with water 
Injection at low burner temperature c. From the graph we 
see that the maximum efficiency with a burner temperature 
of 1660^ R occurs in the vicinity of a water fuel ratio 
of 6*0* Beyond the water fuel ratio of f>«.0, the thermal 
efficiency at 1660*R actually exceeds that obtained with 
a burner temperature of 1960^R* Indeed, this graph in- 
dicates that by use of water injection the gas turbine 
could be made to operate at temperatures so low that it 
wouldn’t even idle without the use of water. In order to 
do thla it would be necessary to initially use a high 
burner tempernturo, inject a large amount of water, and 
then gradually reduce- temperature to the low temperature 
desired. 

Figure 9 shows the thermal efficiencies for a 
constant burner temperature and press^orc ratios from 1.80 
to 2.20. As expected for the high burner tjemperature, 
the efficiency dccrcacec steadily as tho water fuel ratio 
is increased. As the pressure ratio io increased, for any 
water fuel ratio, the thermal efficiency ia increesed. 
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V. Rooomnen<*ftbl ong and Conclusion 

The ftbove rcjulto oiiow that the irintallaxiion 
of water injection on the oorabuction chaaber of tho 
Educational Gsa T^orbine v/ould result in a 3\ibstantial 
increase in the output of compreossd air from the unit 
find furthermore that the water Injection will increaso 
tho overall efficiency of the plant at hi^^ prescurc 
ratios find low burner tomn^ratures. It la rocorimendec! 
that this alteration be laado# 

Obviously, from flgtiro 1, caloulntlona could 
be made for a great number of combiaatlona of pressure 
ratio and burner fcernperaturos that were not made in 
this paper* The author j'>ioked t >‘0 nointn calculrted 
with the followirv^ limitations in mind: The maxirauin 

operating speed of the gas turbine i? about 21,000 R.P*K*, 
the maximum allowable burner temperature is 1960®R, and 
the operating range <rlll have to be on the flat portions 
of the pressure ratio volume flow curves end the com- 
pressor efficiency curves* It is rocoranended that any 

future calculations wade on this turbine be wad© at 

$ 

lower pressure ratios thian those chosen by the author* 
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Tables of calculations assumlnf; a compreasor 



prosssuro ratio of 20 anfl a burner tOEjnerature of 
1960°R at point 1 on fl<»^re 1. 19660 s 963 ft/oec. 

Prom Pig. 1, compressor tcifipernture rise 
factor ■ *35 



To 2- 530 + ,35 (530) « 715.5°R 
Using HecJcs Oas Tables 

19100 - .85 (374.16 -37.60) - .15(4978.2 - 604.6) 
- 1763. 5x - »a( 365.0 - 42.25) 
or 18167 - (1763.5)x - Wa(322.7) 



Columns 1 t)irough 4 arc calculated from t)ic aboye equation. 
Columns 5 through 9 give the amounts of O 2 , Hg, CO 2 and 
H 2 O In the products of combustion. Colunin 10 gives the. 
total pounds of combustion products per pound of fuel. 
Colurans 11 through 16 show the calculation of Sp for tho 
products of combustion at IQGO'^R from Information in Hecks 
Gas Tables. Colurans 17 throu.^ 22 show the calculation of 
R for the gases of combustion. Colurans 23 through 34 

o 

show the construction of tables of Cp for products of 
combust ion at IGOO^R and 170o'’ R, 





2p6- ^p5 



II 



Coluran 35 ^;ivoo the calculation for a 
C oliimn 36 giyos the calculation for Sp^ 

Columns 37 through 40 show the calculation for 




Columns 41 through 45 show the calculation for 3cg 

)c R 

- CT 7 
P6 - 

Columns 46 through 40 show the calculation for Cp 



'n 



M 






V’ ^ 



Ms 1*0 at noz?:lo throat 



then . 



V kR( 32717 

1 + ^ 



) 1960 



1 



V 1 1 % 



63053 

r* 



Columns 49 through 53 show the calculation for 
/iVearage turtoino bla»!e radius z. 5*62 inches or *468 feet* 



Turbine blade speed z x r*p*m* - .04901 x r.p*®. 

Columns 54 and 55 show the calculation for turbine blade 
speed in feet per second* 

Column 56 shows the value of the ratio of wheel speed to 
nozzle velocity* 



Ill 



Column 57 chows turbin* cfflcioncioa as fletominofi 
from oolumn 56 and Flgur© 

Columna 58 through 62 show th© calculation for turbln® 
work in 3fcu/lb« of oompresaor air. 

/ 715.5 

Cpdfc - 44.6 3tu/lb. air 

530 

/ 4 i overall heat balnnco givoa: 

44.60 4 . - Wp) - 44.6 

or assuming z 1 lha/sec. 

(Col. 62) (W^)^ + ^44.60 - 2 (Col.62^V^|j f Col.62 - 44.60 i: 0 

*let a - col. 62 let b - 44.60 - 2 (col.62) 

let c • col. 62 “ 44.60 

then Vt'b r »bty b^ > 4ao 

2 a 

Columns 63 through 71 show th© calculation for Wp in 
pounds of air per pound of comp r© 33 or air. 

Coliifaas 72 through 95 show the calculation for Gp, kg 
and Lj from Infornatioii obtained from graphs of Cp for 
the various products of combustion for purposes of con- 
oarison with previously calculated results. 

net heat output 

Thermal ©fflolonoy z net )ioat inpui ' x 100 

= X X Lc X 100 
19100 

- col. 71 X col. 4 X .2335 

Columns 96 and 97 show the oalculatlono for therrml efficiency. 
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IV 



1 


2 


3 


4 


5 


6 


X 


Ah 

HsO 


18157 - 
Col. 2 


Col. 3 
T 322.7 


Total Op 
X {.^3) 


Free Og 
Col. 5 
- 3.466 


0 


0 


18157.0 


56.26 


12.94 


9.46 


1 


1763.5 


16393.5 


50.80 


11.68 


8.21 


2 


3527.0 


14630.0 


45.34 


10.43 


6.96 


3 


5290.5 


12866.5 


59.87 


9.17 


5.70 


4 


7054.0 


11103.0 


34.40 


7.91 


4.44 


5 


8817.5 


9339.5 


28.94 


6.66 


3.19 


6 


10581.0 


7576.0 


23. 48 


5.40 


1.93 


7 


12344.5 


5812.5 


18.01 


4.14 


0.67 


8 


14103.0 


4049.0 


12.55 


2.886 





1 


7 


8 


9 


10 


11 


X 


Ng 

Col. 4 
X .77 


CO 2 


HpO 
Col.' 1 
' + 1.36 


Total comb. 

products 

Col.64Col.7 

+Gol.84Col.9 


Col. 6 

X 

.3080 


0 


43.32 


3.116 


1.35 


57.26 


2. 914 


1 


39.12 


3.116 


2.35 


52.80 


2.529 


2 


34.91 


3.116 


3.35 


48.34 


2.144 


3 


o 

• 

o 


3.116 


4.35 


43.87 


1.756 


4 


26.49 


3.116 


5.35 


39.40 


1.368 


5 


22. 28 


3.116 


6.35 


34.94 


0.9825 


6 


18.08 


3.116 


,7.35 


30.48 


0.5944 


7 


13.87 


3. 116 


8.35 


26.01 


0.2064 




t# 



V 



1 


12 


13 


14 


15 


16 




Col, 7 


Col. 8 


Col. 9 


Total Col. 11 


0p5 


jr 


X 


X 


X 


+ Col. 12+ 


Col. 15 




• 3345 


. 3260 


.6254 


Col.l3fCol.l4 


T Col. 10 


0 


14.491 


1.017 


.8443 


19.266 


.3'* 65 


1 


13, 086 


1.017 


1.4697 


10.102 


.3428 


2 


11.677 


1.017 


2.0951 


16.933 


.3503 


3 


10. 269 


1.017 


2.7205 


15.763 


.3593 


4 


8.861 


1.017 


3.3459 


14.592 


.3703 


5 


7.453 


1.017 


3.9713 


13.424 


.3642 


6 


6.048 


1.017 


4.5967 


12.256 


.4021 


7 


4.639 


1.017 


5.2221 


11.084 


.4261 



1 


17 


18 


19 


20 


21 


X 


^2 

Col. 6 
X 48.31 


lip 

coi; 7 
X 55.16 


GOp 
Col. ^ 
X 35.13 


HpO 
coi; 9 
X 85.81 


Total Coi. 17 
+ Col. 184 
Col.l9fCol.20 


0 


* 

457.013 


2389.531 


109.606 


115.843 


3071.933 


1 


396.625 


2157.859 


109.606 


201.653 


2865. 743 


2 


336. 238 


1925.637 


109.606 


287.463 


2653.944 


3 


275.367 


1693.412 


109.606 


373.273 


2451.658 


4 


214.496 


1461.188 


109.606 


459.083 


2244.373 


5 


154.109 


1228.965 


109.606 


544.893 


2037.573 


6 


93. 238 


997.293 


109.606 


630.703 


1830.885 


7 


32.368 


765.069 


109.606 


716. 513 


1623. 556 
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VI 



1 


.22 


23 


24 


25 


26 


X 


Col. 21 
f Col. 10 


02 

Col. 6 
X .2554 


«2 
Col. 7 
X .2700 


COg 

Col. 0 
X . 2664 


H 2 O 
Col. 9 
X .5151 


0 


53.66 


2.41608 


12.0429 


0.8312 


0.6954 


1 


54.27 


2.09683 


10.3754 


0.8312 


1. 2105 


2 


55. 00 


1.77758 


9.7049 


0.8312 


1.7256 


3 


55.89 


1.45578 


8.5346 


0.8312 


2.2407 


4 


56.96 


1.13398 


7.3642 


0.8312 


2.75^ 


5 


58.32 


0.81473 


6.1938 


0.8312 


3. 2709 


6 


60.08 


0.49292 


5.0262 


0.8312 


3.7860 


7 


62.42 


0.17112 


3.8559 


0.8312 


4.3011 



1 


27 


28 


29 


30 


31 


X 


Totftl Col. 23 
+ Col. 24+ 
Col.254Col. 26 


Sp leoo^R 
Col. 27 
Col. 10 


Op 

'Col. 6 
X .2710 


^2 

Col. 7 
X .2947 


CO 2 
Col. e 
X .2840 


0 


15.9856 


..2792 


2. 5637 


12.7664 


0.8861 


1 


15.0139 


.2844 


2. 2249 


11.5287 


0.8861 


2 


14.0393 


.2904 


1.8362 


10. 2880 


0.88G1 . 


3 


13.0623 


.2978 


1.5447 


9.0473 


0.8861 


4 


12.0852 


.3067 


1.2032 


7.8067 


0.8861 


5 


11.1106 


.3180 


0.8645 


6.5659 


0.8861 


6 


10.1363 


.3326 


0.5230 


5.3282 


0.8861 


7 


9.1593 


.3521 


0. 1816 


4.0075 


0.0361 
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1 

X 

0 

1 

z 

3 

4 

5 

6 

7 

1 

X 

0 

1 

z 

3 

4 

5 

6 

7 



32 



33 



35 



36 



HgO 
Col. 9 
X .5473 



34 



Total Col. 29 33 1700°R 

•f Col. 30 *f uol. 33 Col. 22 x 

Col.3l40ol.32 Col. To .0010132 



3d6 

Col. 16 
Col. 35 



0.7389 


16.9551 
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Tsblea of Caloulationa acaxiralng n oompreaaor 

o 

presnure ratio of 2.00 nnfl a burner temperature of 1960 R 
at point 2 on figure I. 18500 RPM r 907 ft/sec. 

Temperature rise factor s .31 

Tq 2 = 530 f .31 (530) r 694^R 
Using Hecks Gag Tables 

18427 - x(1763.5) s »a (328.0) 

Columns A1 through A4 show the calculation for the pounds 
of sir per pound of fuel. 

ColTimna A5 through All show the calculations for 
using the applicable figures from Appendix 1. 
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let a s Col. All let b - 39.33 - 2 (Col. All) 

let o s Col. All - 39.38 

and solve for 

Colujnns A12 through A20 (show the calculations for 
Column A21 shows the calculation for thermal efficiency. 
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Appendix B 

Tables of calculations assuming a compressor 
pressure ratio of 1.80 and a burner temperature of 1960®R 
at point 3 on Figure 1. 17000 RPM ■ 834 ft/sec. 

Temperature rise factor = .25 
Tq2 = 520 + .25 (530) = 662.4% 

Using Hecks Gas Tables 

18120.3 - x(1763.5) r V/^(335.6) 

Columns B1 through B4 show the calculations for the pounds 
of air per pound of fuel. 

Mg - 

ana T„ : % 

\^ 1 +^ uf 

Since Pq 5 is less than the critical pressure ratio for 

the gases of combustion, must be calculated from the 
Mach, number In the nozzle throat. Columns B5 through 
B14 show these calculations, using applicable figures 
from Appendix 1. 

Columns B15 through B21 show the calculations for turbine 
work In Btu per pound of compressor air. 
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Coluran B31 shows the thercml efficiency. 
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Appendix C 

Table of calculations assuming a compressor 
pressure ratio of 2,20 and a burner temperature of IBGO^R 
at point 1 on Figure 1. 19660 RPM s 963 ft* /sec. 

Temperature rise factor x .35 
To 2^» 530 f .35(530) = 715.5 R 
Using HecJcs Gas Tables 
18237.7 - 1608.3 x * Wa(295.2) 

Columns Cl through CIO show the calculations for the 
weight of air per pound of fuel and the weight of the 
total combustion products per pound of fuel. 

Columns Oil through C16 show the calculations for Rg^ 

Columns C17 through C26 show the calculations for Cp 
and kg using, information obtained from the graphs of 
Cp for the products of combustion and the formula. 
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Columns C27 through C33 show the calculations for nozzle 
throat velocity and turbine efficiency. 

Columns C34 throu^ C41 show the calculations for turbine 
work. 

In the same manner as in Appendix I, an overall heat 
balance gives: 
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(Col. C41)(W^)^ 4 [ 44 . 60 - 2 (Col. C4l)J*/^ 4 Col. C41-44.60 r 0 
let a r Col. C41 let b r 44.60 - 2 (Col. C41) 

let 0 = Col. C41-44.60 

m 

ana solve for 

Columna C42 through C50 show the calculations for in 
pounds of air per nound of compressor air. 

In the same manner as in Appendix I 
n = Wg X W|j X . 2335 

Columns 51 and 52 show the calculation for thermal efficiency. 
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T^ble of calculfit Ion ? aanufaln? n co ‘ipreo/.or 
pressure r>»tio of a burner tenoeratire of 

1760°H at point 1 on 1. 10660 R**'V « 063 ft/oec. 

Tenporatur© rioe factor » .35 
?o2 = 530 4 .^5(53)) • 715. 5^U 
Heins Hooka Has J?ablea 
18316.5 - 1553. 6x « 260.6^'a 
Oolunns B1 through DIO show the oalculations for the 
weight of air per pounC of fuel anfi the weight of the 
total combuetlon pro6uct3 per pounfl of fuel. 

ColU’nns Dll through D16 Dhow the calculations for Rg^ 
Columns D17 througJ'. !)26 show the calculations for Cp 
and kg using information obtained from the graphs of 
Op for the oroducts of combustion and the formula 

(* « k R 

^ 7 
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Colunno D27 through D33 show the calculations for noijzle 
throat velocity and turbine efficiency. 

Columns D34 through D41 show the calculations for turbine 
work. 

In the name monnor an in ^ppondix I an overall heat 
balance gives; 
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^■ol <»^ ■^tfcl^tm ^ vvlh Mft ttp» ;n , 
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{C0I.U41) +( 44 . GO - 2( :ol.L41)J wij + Jol. .41 -44.1.0 X 0 

let R • Col. 3M1 let >) =• 44.00 - 2(Col.L41) 
let c « Col. I‘41-44.G0 
mi <5 solve for 

Colurns !)4? Uirou/jh C50 s)iow the calculation for in 
pounfc of air '^or ooan?^ of co'iJii’reo -or air. 

In the « 0 K 0 aanner as in appendix 1 
n • %a X ^b X .23:55 

ColaTino L-51 and 152 show the calcul..»tl.:n for thcr3»al 
©ff icien cy. 
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1 . 



T»bl#i5 of cfilculatlono aBsuifllng a compreat^or 
praoauro ratio of ?.20 an^l a burner temperature of 1660°R 
at point 1 on Figure 1, I'iGoO « 963 ft/aec* 
Teraperature rise '^•ctor * .35 
To2 * 530 + .3*>{530) « 715. 5°R. 

Using Kecko Gaa Xablca 
10394.2 - 1499. 7x « 240.8 V^a 
Columna SI tliroUj-^i KIO ahow the calculations for the 
weight of air per pounfl of fuel anrt the weight of the 
total combustion products per pound of fuel. 

Columno Sll througii S16 show the calculations for Rg. 



Columns S17 through S26 show the calculations for Cp 
and kg using information obtained from the graphs of 
Cp for the products of combustion and the formula 



C 
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or k s 



J C 

IT 



P 






P-1 



Columns K27 through K33 show the calculations for noszle 
throat reloclby and turbine efficiency. 

Columna C34 through 341 show the calculations for turbine 



work. 

In the same manner as la Appendix 1 an overall heat balance 
gives: 
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IIa 

(Co1.a41) [ 44 . 60 - 2(C0l. r.oU.Al - 

let a • Col. ..41 lot b s 44.60 - 2(Col.?41) 
lot c « Col. .i41 - 44.60 
onfl aolvo for 

Colufnna c42 throvigh .u5C) ohow the calculations for in 
poxinds of air per pound of conapreaaor air. 

In the anno aenner as in Appendix 1 
n 2 ^‘a ^ X .2335 

ColxLTms D51 and 2)52 show the calculations for thermal 
efficiency. 
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